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New QCD-like “hypercolor” sectors can generate a broad class of new signatures at hadron colliders and
furnish a variety of dark matter candidates. Paired diboson resonances are a particularly important collider
signature, arising both from CP-conserving vector hypermeson decays of the form ρ̃ → π̃ π̃ → 4V and
from CP-violating pseudoscalar hypermeson decays of the form η̃ → π̃ π̃ → 4V. The latter are sensitive to
the vacuum angle θ̃ in the hypercolor sector. We study single- and paired-diboson resonance signatures in
final states involving gluons and photons at the LHC and a future 100 TeV pp collider, illustrating the
discovery potential at both colliders in simple benchmark models. We also describe some of the theoretical
and cosmological consequences of θ̃. If CP-violating hypermeson decays are observable at hadron
colliders, ordinary QCD must have an axion. Such scenarios also provide a natural setting for a dark pion
component of dark matter, with its relic abundance set by CP-violating annihilations. If the new vacuum
angle is relaxed to zero by a dark axion, the relic density can instead be a mixture of axions and dark axions.
Overproduction of dark axions is most easily avoided if the Universe underwent a period of early matter
domination.
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I. INTRODUCTION

New strongly coupled gauge sectors are an important
family of new physics models encompassing a broad range
of collider and cosmological signatures. Apart from phe-
nomenological interest, they may also be associated with
mechanisms of electroweak naturalness, dark matter, and
other fundamental problems. Moreover, the discovery of
such a sector would present a valuable new handle on
strongly coupled 4D gauge theories, which remain theo-
retically challenging and of which we have only one other
experimental example.
Vectorlike confinement (VC) models, or “hypercolor”

sectors, are a rich class of models of new strong dynamics
with basic properties similar to those of QCD [1,2]. In VC,
new matter fields charged under hypercolor obey approxi-
mate chiral symmetries that are spontaneously broken near
the confinement scale, leading to a tower of hadronlike
states. The hyperquarks are also given vectorlike charges
under the Standard Model (SM) gauge interactions, pro-
viding couplings between the new bound states and SM

fields. The collider phenomenology of VC models has
received much attention in the past and motivates a variety
of searches at the LHC (see, e.g., [2–8].)
The purpose of this work is to explore some of the

phenomenological and cosmological roles of the vacuum
angle in hypercolor sectors. In QCD, the vacuum angle θ is
known to be very small [9,10], and explaining this small
number dynamically is a deep and open problem. In a new
QCD-like sector, the new vacuum angle θ̃ might again be
small, or it might beOð1Þ. The latter can lead to interesting
new collider signatures, and both cases have implications
for cosmology.
In QCD, if θwere large, chiral perturbation theory (ChPT)

predicts that the ηmeson would exhibitCP-violating decays
into pairs of charged andneutral pions. In the neutral case,we
would then observe 4γ final states reconstructing one 4γ
parent resonance and two 2γ daughter resonances,

η → π0π0 → ð2γÞð2γÞ: ð1Þ

Analogously, in a hypercolor sector, heavier spin-0 hyper-
pions can decay to pairs of lighter hyperpions through
θ̃-dependent interactions. The decays of the lighter states
are typically much richer than the QCD example, involving
other SM diboson pairs through anomaly induced couplings.
Here we will focus on the paired diboson/4V resonance
topology with V ¼ gluons (jets) and photons.
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The resonant 4-boson topology is also of broader
relevance to hypercolor sector phenomenology. The new
sector should possess (a family of) spin-1 mesons analo-
gous to the ρ of QCD, which decay primarily into pairs of
hyperpions. We will therefore include ρ → ππ → 4V-type
topologies among our analyses. These are CP-conserving
decays and insensitive to θ̃, but are important in the spirit of
motivating new search channels at colliders.
In the first part of this paper, we study 4g, 2g2γ, and 3g1γ

resonance signatures of new QCD-like sectors at the high-
luminosity LHC and a future 100 TeV pp collider. We work
in simpleVCmodels with states analogous to theQCD π0, η,
ρ, and η0, as well as color octet hyperpions. Single-hyperpion
couplings to the SM are induced by chiral anomalies and
allow for resonant production in gluon fusion as well as
diboson decays. We find that CP-violating decays of the
η-like state can provide a powerful probe of these models at
the LHC, with the sensitivity in the 2g2γ final state surpass-
ing that of more conventional diboson (gg, gγ, γγ) searches
forOð1Þ vacuum angles.CP-violating η0-like decays will be
more difficult to observe at theLHCgiven current limits from
diboson searches on these models; similar conclusions hold
for CP-conserving decays of the ρ-like state. However, a
future 100 TeV collider will have an opportunity to probe
new QCD-like sectors with confinement scales up to
∼40 TeV via η, η0, and ρ-like decays to the hyperpions.
The interplay between the various tetraboson and diboson
searches is summarized in Sec. IV D.
In the latter part of this work, we examine the interplay

between a new θ̃ angle and three dark matter candidates: the
QCD axion, a stable hyperpion, and a “dark axion” coupled
to the hypercolor sector. First, we show that when hyper-
mesons can be resonantly produced in gluon fusion, an
observably large θ̃ is incompatible with UV solutions to the
strong CP problem, providing indirect evidence for the
QCD axion. Secondly, hypercolor models tend to exhibit
accidental symmetries which can be promoted to stabilize a
variety of dark matter candidates [8,11–13], and it has
previously been noted that θ̃-dependent couplings can
provide the dominant annihilation channels setting the
relic abundance of stable hyperpions [12]. Such models
thus naturally accommodate mixed weakly interacting
massive particles (WIMP)-axion dark matter, and we note
that thermal broadening of the hyperpion annihilation rates
favors the regime where η̃ → π̃ π̃-type decays are most
readily observable. Finally, we consider the possibility that
both QCD and hypercolor couple to axions. In this case, θ̃
is relaxed and does not give rise to collider-observable
processes. In a conventional radiation-dominated history,
this scenario is tightly constrained by dark axion cosmol-
ogy, but we show that an acceptable relic abundance from
misalignment can be achieved if the Universe experienced a
period of early matter domination.
In Sec. VI we summarize and conclude. Some details of

the models discussed in Sec. II and utilized in Secs. III–V
are collected in the Appendix.

II. MODELS

For illustration, we employ two simple models of new
confining SUðNc̃Þ gauge sectors in this work. In numerical
results we take the number of hypercolors Nc̃ ¼ 3, but we
keep it general in analytic expressions. The models differ in
their matter content and both are minimal in different
senses. We refer to the new sectors generically as hyper-
color or QCD0. Here we summarize their salient properties;
expressions for the relevant masses and couplings are given
in the Appendix.
Each model includes light hyperquarks ψ i, ψ̄ i in the

fundamental representation of hypercolor, and the hyper-
quarks carry vectorlike charges under SM gauge groups.
Since we will focus on gluon and photon final states at
colliders, for simplicity, we only give SUð3Þc and Uð1ÞY
quantum numbers to the hyperquarks, but this can be
generalized to produce couplings to Ws (see e.g., Ref. [14]
for a recent study of related multiboson topologies involv-
ing Ws and Zs.) The models are assumed to confine and
spontaneously break chiral symmetries, leading to a low-
energy effective description in terms of a chiral Lagrangian
with cutoff Λ̃.

A. Uð5Þ
The first model possesses one color triplet hyperquark,

which we take to be in the ð3; 1Þ4=3 representation of the
SM gauge groups, and two SM-neutral hyperquarks
½2 × ð1; 1Þ0�. The model has an approximate classical
Uð5Þ ×Uð5Þ global symmetry spontaneously broken to
Uð5ÞV , of which an SUð3Þ subgroup is identified with
color.1

The pseudo-Goldstone spectrum of the Uð5Þ model
includes light neutral hyperpion states π̃0 and η̃, analogous
to the π0 and η of QCD, as well as an intermediate-mass
color octet hyperpion π̃8. It also includes neutral and QCD
triplet states charged under accidental global “species”
symmetries. Higher-dimension operators can be added to
allow the triplets to decay, and we will not consider them
further in this work.2 The neutral stable states can be dark
matter candidates, and we label them π̃DM. We will not
discuss the π̃DM states at colliders, but some of their
cosmological aspects are discussed in Sec. V below.
Near the chiral Lagrangian cutoff, the model also includes
an assortment of ρ̃ mesons, an η̃0, hyperbaryons, and other
heavy resonances. The corresponding mass spectrum is
sketched in Fig. 1.

1We will include the anomalous axialUð1Þ and associated η̃0 in
some of our chiral perturbation theory analysis, with the under-
standing that it is only a heuristic model subject to analytically
incalculable Oð1Þ corrections unless Nc̃ is large.

2Dimension-6 operators are possible with Y ¼ 2=3 and
Y ¼ 4=3; we choose the latter as a benchmark to maximize
the reach of photon channels.
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The Uð5Þ model has the minimal field content
exhibiting:

(i) couplings to QCD (allowing for significant produc-
tion of some states at colliders), and

(ii) θ̃-dependent parity-violating decays in the calcu-
lable framework of chiral perturbation theory.

It is also the minimal model with both couplings to QCD
and a dark pion dark matter candidate (see e.g., Ref. [15]
for a discussion of dark pion dark matter models without
direct couplings to QCD). A schematic illustration of the
spectrum is given in Fig. 1.
We will focus primarily on the π̃0, η̃, and π̃DM states in

the Uð5Þ model, choosing parameters so that the η̃ is
heavier than the π̃0 and π̃DM. (This is analogous to the
ms ≫ mu;d property of ordinary QCD.) The η̃ state couples
to QCD and QED through chiral anomalies,

L ∼ η̃GG̃þ η̃FF̃; ð2Þ
with precise couplings given in the Appendix. These
interactions allow resonant single production as well as
dijet and diphoton decay modes,

gg → η̃ → gg; γγ: ð3Þ
The π̃0 state inherits the same couplings to the SM through
small “isospin”-suppressed mixing with the η̃,

θπ̃−η̃ ∼
m1 −m2

m3

; ð4Þ

where m1;2 are the neutral hyperquark masses primarily
controlling the π̃0 mass, and m3 > m1;2 is the QCD triplet
hyperquark mass primarily responsible for the η̃ mass.
Therefore, while we will assume the π̃0 is more kinemat-
ically accessible than the η̃, due to mixing suppression the
production rate for the η̃ is larger.
The neutral hyperpions also interact through triple-pion

couplings of the form η̃π̃0π̃0 þ η̃π̃DMπ̃DM, which are
proportional to the lightest hyperquark mass and sinðθ̃Þ.
More properly, the vacuum angle that appears is θ̄2, an
anomalous field-redefinition-invariant angle with contribu-
tions from θ̃ and phases in hyperquark masses. θ̄2 is defined
for each model in the Appendix, but the distinction between
it and θ̃ is not important for our work, and we will refer
to them interchangeably. These CP-violating couplings
induce η̃ → π̃ π̃ decays when mη̃ > 2mπ̃ . In Fig. 2 we show
η̃ → π̃0π̃0 branching ratios at representative benchmark
points.
The anomalies, mixing, and CP-violating couplings give

rise to the processes

gg → η̃ → π̃0π̃0 → ð2gÞð2gÞ; ð2gÞð2γÞ; ð2γÞð2γÞ ð5Þ

that will be the focus of our collider studies below.

B. Uð3Þ
The second model has only one color-triplet hyperquark

which we again take to be in the ð3; 1Þ4=3 representation of

FIG. 1. Illustration of the mass spectra assumed in both the
Uð5Þ and Uð3Þ models.

FIG. 2. BRðη̃ → π̃0π̃0Þ at benchmark points in the Uð5Þ model. Left: as a function of θ̃, fixing mη̃ ¼ 2.5 TeV, mπ̃0 ¼ mDM ¼ 1 TeV.
Right: as a function of mπ̃0=mη̃, fixing mη̃ ¼ 2.5 TeV, mπ̃0 ¼ mDM, and θ̃ ¼ π=2. In both cases the branching ratios saturate at 1=3,
reflecting the isospin symmetry and decays into π̃DMπ̃DM.
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the SM. The model has an approximate classical Uð3Þ ×
Uð3Þ global symmetry spontaneously broken to Uð3ÞV , of
which the SUð3ÞV is weakly gauged as ordinary QCD. The
only pseudo-Goldstone hypermeson in this model is a QCD
octet π̃8, which acquires mass both from the hyperquark
mass and from QCD loops. In addition to this state, we will
be interested in the vector octet ρ̃ and the singlet η̃0 near the
ChPT cutoff. The corresponding mass spectrum is illus-
trated in Fig. 1.
The chiral Lagrangian description of the Uð3Þ model is

rather trivial and limited to the π̃8 state. In addition to
ordinary kinetic couplings of π̃8 pairs to QCD, there are
anomaly induced single-octet couplings to QCD and QED
of the form

L ∼ Trðπ̃8GG̃Þ þ Trðπ̃8GÞF̃: ð6Þ

These interactions allow resonant single production as well
as dijet and jet-photon decay modes,

gg → π̃8 → gg; gγ: ð7Þ

There is no hyperpion dark matter candidate in the Uð3Þ
model. However, it is the minimal model exhibiting
couplings to QCD, and CP-violating meson decays are
still present, induced by θ̃-dependent η̃0π̃8π̃8 couplings.
(Again a field-redefinition-invariant vacuum angle θ̄2 is
defined for this model in the Appendix, and we use it
interchangeably with θ̃.) These η̃0 decay widths are not
analytically calculable, but they can be modeled and
estimated up to Oð1Þ corrections by including the η̃0 in
chiral perturbation theory. Sample branching ratios into
dijets and octets are shown in Fig. 3. Unlike the η0 of QCD,
these estimates suggest that the η̃0 may decay predomi-
nantly to hyperpions in this model. It is therefore interesting
to examine the processes

gg → η̃0 → π̃8π̃8 → ð2gÞð2gÞ; ð2gÞðgγÞ; ðgγÞðgγÞ: ð8Þ

These topologies are further motivated by the octet ρ̃,
which kinetically mixes with the gluon and decays pri-
marily to π̃8π̃8 when this channel is kinematically open.
We will thus consider also

qq̄ → ρ̃ → π̃8π̃8 → ð2gÞð2gÞ; ð2gÞðgγÞ; ðgγÞðgγÞ: ð9Þ

These processes are independent of θ̃ and would in fact
constitute a background in a measurement of θ̃. However,
for the purpose of characterizing topologies motivated by
new QCD-like sectors, the processes (8) and (9) are
complementary, and we will include both below. Note that
the ρ̃ → ð2gÞð2gÞ channel has been considered in previous
work [3–6].

III. TETRABOSON RESONANCES

The main signatures we will study are paired diboson
resonances reconstructing a 4-boson parent resonance,
encompassing an important and relatively unexplored class
of processes predicted by new QCD-like sectors. To sum-
marize the gluonsþ photons channels listed in the previous
section, we have

η̃ → π̃0π̃0 → ðggÞðγγÞ; ðggÞðggÞρ̃;
η̃0 → π̃8π̃8 → ðgγÞðgγÞ; ðggÞðgγÞ; ðggÞðggÞ: ð10Þ

These processes above comprise the primary manifestation
of new vacuum angles at colliders through CP-violating η̃0
and η̃decays, aswell as the primarydiscoverymodes for the ρ̃
(provided decays to hyperpions are kinematically allowed).
Below, we discuss the sensitivities to these channels at the
LHC and future 100 TeV pp collider. Because of its small
branching ratio, we do not consider the γγ þ γγ final state,
although it may be worthwhile to revisit in the future.
Single diboson resonances are also important signatures in

this class of models. These have been more widely studied,
andwedefer their analysis toSec. IVinorder to comparewith
the paired signatures which are our primary focus. In some
benchmark models, LHC diboson searches already provide
strong constraints, suggesting the LHC is unlikely to observe
the paired signatures in these models. In others there is still
open parameter space for the LHC to explore in both classes
of channels, and in all cases a 100 TeV collider would
improve the reach substantially. However, a broadermessage
of this work is that the paired channels are sufficiently novel
and simple to motivate dedicated searches apart from our
specific model frameworks.

A. jj+ γγ

Let us begin with the 2jþ 2γ final state. We model these
signatures with the process gg → η̃ → π̃0π̃0 in the Uð5Þ

FIG. 3. BRðη̃0 → π̃8π̃8Þ at a benchmark point in theUð3Þmodel
with octet mass just below threshold. The rates are computed at
leading order in ChPT and should only be considered qualitative.
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model. Mixing between the η̃ and the π̃0 allows the π̃0 to
decay to boson pairs. The relatively small backgrounds and
good photon energy resolution make this a promising final
state to observe the effects of θ̃ in models like QCD with a
spectrum of neutral pions. Since mρ̃ ∼ Λ̃, and the nonreso-
nant π̃0 pair production cross section is suppressed by the
η̃ − π̃0 mixing angle, we can neglect these contributions to
the π̃0 pair production cross section in this analysis.
First, we estimate the expected reach in the 2j2γ channel at

the high-luminosity LHC. In all of our analyses, we simulate
signal and background events in MADGRAPH [16], with
showering/hadronization in PYTHIA [17] and fast detector
simulation in DELPHES [18]. For the LHC analysis, we use
the default ATLAS detector card. Signal model files are
prepared using the FEYNRULES package [19]. All computa-
tions are performed at leading order throughout this study.3

For this channel, we consider only the irreducible back-
ground from prompt 2j2γ events. Comparing parton-level
cross sections and assuming a jet-to-photon fake rate of
∼Oð10−3Þ, we expect fake photons from QCD jets to affect
our backgrounds at the ∼10% level, which will not signifi-
cantly impact our conclusions.
For a given mη̃, we perform a cut-and-count analysis.

We require at least two jets with pT > 120 GeV, jηj < 2.4,
and at least two photons with pT > 75 GeV, jηj < 2.5. We
reconstruct the 2γ and 2j resonances from the leading
photons and jets and compute the asymmetry parameter

Ajjγγ ≡ jmjj −mγγj
mjj þmγγ

; ð11Þ

requiring Ajjγγ < 0.1. For a given η̃ mass, we include an
additional cut on the leading photon pT , requiring

pTðγ1Þ ≥
1

5
mη̃: ð12Þ

The precise values for the above cuts were chosen by
varying them across a range of values and selecting those
maximizing S=

ffiffiffiffi
B

p
(this is true in most of the analyses that

follow below, except in cases where we utilize selection
criteria from existing LHC searches). We then reconstruct
the η̃mass and cut in a window around the peak of themjjγγ

distribution such that the signal falls to half its peak value
at the edges of the window. We compute S=

ffiffiffiffi
B

p
in this

window to estimate exclusion and discovery sensitivities in
terms of the parton-level σ × BR into the 2g2γ final state.
The signal-to-background ratio is ∼0.2 or larger in the
parameter space with S=

ffiffiffiffi
B

p
≥ 2.

Results for the 13 TeV LHC4 with 3 ab−1 integrated
luminosity are shown in Fig. 4. We have taken a benchmark
point5 withmη̃ ¼ Λ̃=2 andmπ̃0 ¼ 0.4mη̃, which are relative
values similar to those in QCD. [The right-hand panel of
Fig. 2 shows the sensitivity of Brðη̃ → π̃0π̃0Þ to variations
around this point; the branching ratio is independent of Λ̃

FIG. 4. pp → η̃ → 2j2γ cross sections and projections in the Uð5Þ model for the 13 TeV LHC with 3 ab−1 of integrated luminosity,
and a future 100 TeV pp collider with 30 ab−1 integrated luminosity. We have fixed mη̃ ¼ Λ̃=2 and mπ̃0 ¼ 0.4mη̃.

3Several of the processes we consider feature significant scale
dependence in the production cross section, in some cases
inducing a factor of ∼2 uncertainty in the rate. A next-to-leading
order treatment would be useful to more precisely establish the
discovery reach in the various channels. However, for the general
arguments we are concerned with here, we expect a leading order
determination of the rates to be sufficient, as our overall
conclusions are not very sensitive to this variation.

4Although the high-luminosity LHC is expected to run at a
center-of-mass energy of 14 TeV, we show projections for 13 TeV
since, when comparing against diboson sensitivities in Sec. IV,
we utilize several existing LHC searches performed at 13 TeV.
Increasing the center-of-mass energy will slightly improve the
prospects for discovery relative to those shown, but not signifi-
cantly affect our conclusions.

5In the Uð5Þmodel, we takemη̃ andmπ̃0 as input parameters in
place of the hyperquark masses. They are related by Eq. (A25) in
Appendix A 3 b.
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and varies modestly withmπ̃0=mη̃.] For these values, we see
that θ̄2 ≳ π=10 and Λ̃ up to ∼4–6 TeV can be observable at
the high-luminosity LHC. When we compare to the reach
in the various diboson channels in Sec. IV, we will see that
this process may also be accompanied by a signal in the
dijet, diphoton, and jγ channels, but not necessarily.
For the 100 TeV analysis, we follow the same procedure

with identical cuts, only now with the requirements
pT > 300 GeV, jηj < 2.4 for the jets, and pT >
200 GeV, jηj < 2.5 for the photons. We also utilize the
FCC-hh DELPHES card without pileup for detector simu-
lation. The results assuming 30 ab−1 are shown on the right-
hand side in Fig. 4. The projected reach in this channel is
impressive: a 100 TeVpp colliderwith 30 ab−1 of integrated
luminosity can probe new QCD-like sectors with Λ̃ up to
∼40 TeV. We will compare this sensitivity to that from
diboson resonance searches in Sec. IV below where we will
show that this signature can be the most sensitive probe
of new QCD-like sectors with Oð1Þ vacuum angles, both at
the LHC and 100 TeV.

B. jj+ jj

As we have seen, searches for 2j2γ resonances can be a
powerful probe of parity-violating interactions in new
strongly coupled sectors. A limitation of this channel is
that it depends on the electric charges of the hyperquarks,
which can vary from model to model (although we generally
expect it to be nonzero to allow the triplet states to decay
promptly on cosmological time scales). In contrast, if the
unstable hyperpions can be produced in gluon fusion, they
will always be able to decay to gluons with a fixed coupling,
so 4j is an important and complementary final state.
We focus on the process pp → η̃ → π̃0π̃0 → 4j in the

Uð5Þ model. As in the previous section, for simplicity we
assume that the cutoff is high enough that we can neglect
contributions from heavy states like the ρ̃, and that the
nonresonant π̃0π̃0 contribution is negligible (it is sup-
pressed by two dimension-5 operators and mixing with
the η̃, so this is a very good approximation). The final state
is a pair of dijet resonances of roughly the same invariant
mass that themselves reconstruct a mass around mη̃.
Searches for paired dijets have been carried out at the

LHC [20,21], without the parent mass requirement.
However, the LHC is unlikely to observe the 4j parity-
violating process in the Uð5Þ model. As shown in Sec. IV
below, diboson searches already constrain the scalar octets
to be heavier than about 3 TeV in this scenario (with the
various parameters fixed as in the jjγγ analysis above).
This in turn constrains Λ̃ and limits the cross section for
η̃ production possible at the LHC. We find that the signal
is swamped by the large QCD 4j background at the LHC
for values of Λ̃ not already ruled out by diboson searches.
(Note however that jet substructure techniques can improve
the LHC reach for cases with a larger mass hierarchy
between the η̃ and π̃0 [5].)

Therefore, for this channel we focus instead on the reach
at a future 100 TeV collider. For concreteness we again
consider the benchmark pointmπ̃0 ¼ 0.4mη̃,mη̃ ¼ Λ̃=2 and
vary Λ̃ and θ̄2. We simulate the signal process pp → η̃ →
π̃0π̃0 → 4j and the QCD 4j background as described
above. Our selection criteria are inspired by the ATLAS
search in [20]. We require four jets with pT > 300 GeV
and jηj < 2.5. We construct two dijet pairs by finding the
combination of the leading four jets that minimize the
quantity

ΔRmin ≡min

�X
i

jΔRi − 1j
�
; ð13Þ

where i ¼ 1, 2 are the two dijet pairs formed, and
minimization is over the three possible pairings. Once
the two dijet resonances are formed, we also impose cuts on
the asymmetry parameter,

A4j ≡ jmjj;1 −mjj;2j
mjj;1 þmjj;2

; ð14Þ

where mjj;1, mjj;2 are the invariant masses of the two
reconstructed dijets. We require A4j ≤ 0.4 in our analysis.
Following [20], we define mavg ≡ 1=2 × ðmjj;1 þmjj;2Þ
and require

ΔRmin < 0.0013 × ðmavg=GeV − 225Þ þ 0.72; ð15Þ

since signal events are expected to have larger angular
separation at large masses. We also compute the angle, θ�
between the two dijet resonances and the beam line in the
center-of-mass frame of the two resonances. The t-channel
gluon QCD background tends to result in forward jets, so
we require j cos θ�j ≤ 0.3. Given these selection criteria, we
compute the four-jet invariant mass, m4j, which should
reconstruct to approximately mη̃. A bump-hunt can then be
performed on this distribution, similar to a conventional
dijet search. To estimate the reach, we compare S to

ffiffiffiffi
B

p
in

a window with boundaries at the full-width half-maximum
points of the m4j distribution for a given mass, assuming
30 ab−1 of integrated luminosity. The results of this
analysis are shown in Fig. 5 for various values of Λ̃ and θ̄2.
Figure 5 suggests that a 100 TeV collider would be able

to discover parity-violating η̃ decays in the 4j final state for
mη̃ up to nearly 4 TeV for large θ̄2, and exclude this process
for mη̃ up to ∼3.5–5 TeV for θ̄2 ≳ 0.3. Improvements in
detector technology and data analysis techniques could
further extend this reach. Comparing to Fig. 4, we see that
the reach can be substantially better in models with
couplings to QED. Nevertheless, the 4j signature is
guaranteed to be present in these models and can probe
CP-violating hypermeson decays.
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C. jγ + jγ

We turn now to signatures associated with the scalar
octet π̃8. Since the octet receives a large cutoff-sensitive
contribution to its mass from radiative corrections, relevant
parent particles include the η̃0 and the vector octet ρ̃, both of
which have masses of order the cutoff. In this section we
use the Uð3Þ model to study the processes

gg → η̃0 → π̃8π̃8 → ðgγÞðgγÞ
qq̄ → ρ̃ → π̃8π̃8 → ðgγÞðgγÞ: ð16Þ

The former proceeds through θ̄2-dependent interactions,
while the latter is present even if θ̄2 ¼ 0. In general there
is also contribution to this final state from nonresonant
gg → π̃8π̃8 production, which we must account for in
addressing the discovery potential for jγ þ jγ resonances.
For definiteness, we will take mη̃0 ¼ Λ̃ and mρ̃ ¼ 0.8Λ̃,

mimicking the corresponding meson mass ratio in QCD,
and Λ̃=3 < mπ̃8 < mη̃0=2 so that η̃0 → π̃8π̃8 is kinematically
open (the lower bound corresponds to the approximate
contribution to mπ̃8 from QCD loops). The signal then
depends on whether the decay ρ̃ → π̃8π̃8 proceeds on shell
or not. To cover both cases, we take two benchmark points,

mπ̃8 ¼ 0.47mη̃0 ðρ̃ → π̃8π̃8 off shellÞ
mπ̃8 ¼ 0.47mρ̃ ðρ̃ → π̃8π̃8 on shellÞ: ð17Þ

In terms of the cutoff, these correspond tomπ̃8 ≃ 0.47Λ̃ and
0.38Λ̃ respectively. In the former case, the η̃0 → π̃8π̃8

branching ratio is nearly maximal and close to unity for
large θ̄2 (see Fig. 3), while ρ̃ → π̃8π̃8 is off shell. In the
latter, both η̃0 → π̃8π̃8 and ρ̃ → π̃8π̃8 proceed on shell. In
this case, because the hyperquark mass is smaller, the
η̃0π̃8π̃8 coupling is suppressed, and the η̃0 → π̃8π̃8 branch-
ing ratio asymptotes to around 70% for large θ̄2.

The simplest use of this channel is to search for octets
that are pair-produced by any mechanism, in which case the
η̃0, ρ̃, and nonresonant contributions are all part of the
signal. Here we are primarily interested in the first two
processes, which probe new states near the confinement
scale and produce a bump in the 4-object invariant mass.
We will treat both of these processes as signal, and the
nonresonant QCD-induced π̃8π̃8 contribution as back-
ground. As we will see below in Sec. IV, the π̃8 will likely
be observed in jγ resonance searches before the η̃0 can be
discovered in the 2j2γ channel, which is consistent with
this treatment. We comment on possibilities for separating
the individual η̃0 and ρ̃ contributions to determine sensi-
tivity to θ̄2 below [note that this was not an issue in the
Uð5Þ analyses above, since there was parametric separation
between the η̃ and ρ̃, π̃8 masses].
To determine the sensitivity to jγ þ jγ resonances at the

LHC and a 100 TeV collider, we simulate signal and
background events using the MADGRAPH + PYTHIA +
DELPHES chain as described above. The ρ̃ is expected
to have a large natural width (mρ=Γρ is ∼15% in QCD);
however, when considering the 2j2γ final state, we find that
these widths are still below the mjγjγ resolution imple-
mented in DELPHES, and so we utilize the narrow width
approximation in generating on shell ρ̃ events to obtain
simple sensitivity estimates in this case. To isolate the
signal from background, we require exactly two hard
photons and place cuts on the pT of the four leading
objects of interest, keeping events for which

pTðj1Þ > mη̃0=8; pTðγ1Þ > mη̃0=8;

pTðj2Þ > mη̃0=12; pTðγ2Þ > mη̃0=12: ð18Þ

We form two jγ resonances from the leading two jets and
photons by minimizing the asymmetry parameter

Ajγjγ ≡ jmjγ;1 −mjγ;2j
mjγ;1 þmjγ;2

: ð19Þ

We require Ajγjγ < 0.1. After applying these cuts, for a
given Λ̃, we define the signal (S) and background (B) by
counting the remaining events in a window on the mjγjγ

distribution such that 0.8Λ̃ < mjγjγ < 1.07Λ̃.
The results of this procedure6 are shown in Fig. 6 for the

13 TeV LHC with 3 ab−1, and Fig. 7 for a 100 TeV pp
collider with 30 ab−1 of integrated luminosity. On the left-
hand-side of these plots, we show the corresponding
discovery and exclusion reach in this channel for the off
shell ρ̃ → π̃8π̃8 benchmark in Eq. (17), along with pre-
dicted σ × BR for various values of θ̄2. As stated above,

FIG. 5. Paired dijet cross sections and projections at a future
100 TeV collider with 30 ab−1 of integrated luminosity in theUð5Þ
model with mη̃ ¼ Λ̃=2, mπ̃0 ¼ 0.4mη̃ and various values of θ̄2.

6The analysis described here differs slightly from that utilized
in the jjþ γγ case above, but both strategies yield similar
sensitivity projections.
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both the η̃0 and ρ̃� contributions are treated as signal, so the
predicted signal cross section does not vanish at θ̄2 ¼ 0.
Note also that in deriving the sensitivity curves shown, we
have assumed that the η̃0 and ρ̃ efficiencies are the same (the
sensitivity curve was obtained for θ̄2 ¼ 3π=4); we have
verified that the efficiencies agree within a factor of ∼1–2
across the range of masses shown. On the right-hand-side
of Figs. 6 and 7, we show the corresponding reach for the
on shell ρ̃ → π̃8π̃8 benchmark in Eq. (17) at the LHC and a
future 100 TeV pp collider. In this case, we have assumed
θ̄2 ¼ 0 so that the η̃0 does not contribute to the signal.
Figure 6 shows that the LHC can be sensitive to Λ̃ ∼

3–5 TeV via the jγ þ jγ channel in the off shell ρ̃ bench-
mark. The same channel can probe the on shell ρ̃ → π̃8π̃8

benchmark with mρ̃ up to ∼5 TeV. At a future 100 TeV
collider, Fig. 7 indicates that the same process can probe
CP-violating η̃0 decays for Λ̃ up to ∼25–30 TeV, and on
shell ρ̃ → π̃8π̃8 for mρ̃ ≲ 25–30 TeV, providing a compel-
ling target for future colliders.
Up to this point, we have considered both the η̃0 and ρ̃

as contributing to the signal. In order to directly extract
information about the new vacuum angle, however, it
becomes necessary to distinguish between these two
contributions. Since there is a large theoretical uncertainty
on the normalization of the ρ̃ production cross section,
differentiating the two channels is quite challenging. In the
off shell ρ̃ case (mρ̃ < 2mπ̃8), one might hope to first
observe the ρ̃ in dijets, yielding information about its width
and total production cross section that could then be used to
further disentangle the η̃0 and ρ̃ð�Þ contributions in 2j2γ.
Kinematic distributions beyond the reconstructed invariant
masses could also be useful in separating these contributions
in a boosted decision tree analysis. We expect that more
sophisticated analysis techniques could further improve the

sensitivity to θ̃, but we leave further investigation of this
possibility to future work.

D. jj+ jγ

Decays of the ρ̃ and the η̃0 into π̃8 pairs can also result in
a jjþ jγ resonance. The advantage of this channel over
jγ þ jγ is that the π̃8 → jj branching ratio is larger. The
disadvantage is that the jet energy resolution is not as good
as the resolution for photons. Nevertheless, the jjþ jγ
channel can be quite powerful in searching for hyper-
mesons. We illustrate this by analyzing the discovery
potential for the ρ̃ in this channel.
For concreteness, we again consider the second bench-

mark of Eq. (17), just below the ρ̃ → π̃8π̃8 threshold, with
mρ̃ ¼ 0.8Λ̃. We neglect the η̃0 contribution for simplicity
(i.e., we assume that θ̃ is negligible), and otherwise the
analysis proceeds similarly to the previous channels, with
the same basic pT selection requirements as in Sec. III A.
We consider the irreducible background from 3j1γ QCD

events as well as nonresonant π̃8π̃8 production. We con-
struct the dijet and jþ γ resonances by finding the
combination of the leading three jets and photon that
minimize the quantity

ΔRmin ≡min fjΔRjj − 1j þ jΔRjγ − 1jg; ð20Þ

where the minimization is over the three possible pairings.
This choice is motivated by the selection criteria in the 4j
search of Ref. [20]. Once the two resonances are formed,
we impose cuts on the asymmetry parameter,

A3j1γ ≡ jmjj −mjγj
mjj þmjγ

; ð21Þ

FIG. 6. Projections for discovery and exclusion of the η̃0 and ρ̃ resonances at the LHC in the jγ þ jγ final state for the off shell (left
panel) and on shell (right panel) benchmark points in Eq. (17) for theUð3Þmodel. On the left, the predicted signal is a combination of on
shell η̃0 → π̃8π̃8 → 2j2γ decays and π̃8π̃8 production through an off shell ρ̃; predicted σ × BR values are shown for various values of θ̄2
as a function of mη̃0 . On the right, the CP-conserving ρ̃ decay proceeds on shell and θ̄2 is taken to be zero, so that the η̃0 does not
contribute. The predicted σ × BR is shown as a function of mρ̃ ¼ 0.8Λ̃.
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requiringA3j1γ ≤ 0.1. For a givenmρ̃, we also impose a cut
on the pT of the leading photon, requiring pTðγ1Þ ≥ mρ̃=5.
We then cut in a window around the peak of the m3j1γ

distribution such that the signal falls to half its peak value at
the edges of the window. We compute signal and back-
ground in this window and find S=B ∼ 0.05 or larger in the
parameter space with S=

ffiffiffiffi
B

p
≥ 2.

Results of this analysis for the LHC and a 100 TeV
collider are shown in Fig. 8. The high-luminosity LHC will
be able to probe hypercolor sectors with confinement
scales up to ∼4–5 TeV, while a 100 TeV collider can
extend this reach up to ∼20–25 TeV. As we will see below,
the octets will likely be discovered before this channel is
observed, with our choices for the various parameters.
However, given the large uncertainty on the ρ̃ production
cross section, as well as the possibility of different charge
assignments for the hyperquarks, this channel is still
worthwhile to investigate at the LHC and 100 TeV, even
without the presence of a corresponding π̃8 signal in dijets

or jγ. We are not aware of any existing searches dedicated
to this topology.

IV. DIBOSON RESONANCES

Paired diboson resonances are of course not the only
signature of new hypercolor sectors. The cross section for
single hypermeson production can be significant at hadron
colliders, so it is worthwhile to compare the corresponding
collider sensitivity to our results for paired diboson
resonances above. We focus on the processes

gg → π̃8 → gg; gγ

gg → η̃0; η̃ → gg; γγ ð22Þ
at both the LHC and a 100 TeV pp collider. We do not
consider signatures involving the π̃0, since its production at
colliders is suppressed by mixing with the η̃ [cf. Eq. (4)],
which is small near the isospin limit. Note that Zγ decays
can also be of interest for the singlets; however the

FIG. 7. As in Fig. 6, but at a future 100 TeV pp collider, given 30 ab−1 integrated luminosity.

FIG. 8. Cross sections and projected sensitivities in the pp → ρ̃ → π̃8π̃8 → 3j1γ channel for at the 13 TeV LHC (left) and a future
100 TeV collider (right). The cross sections shown correspond to the on shell ρ̃ benchmark of Eq. (17) in the
Uð3Þ model.
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corresponding sensitivities in this channel are typically
weaker than for γγ, while the diphoton branching ratio is
larger than that to Zγ in the models of interest. We therefore
do not consider such decays in what follows. Also, if the
ρ̃ → π̃8π̃8 decay is kinematically inaccessible, the ρ̃ will
decay to dijets and heavy quark pairs. In the cases of
interest, however, the corresponding signals are subdomi-
nant to the diboson decays involving the η̃ and π̃8, and so
we do not consider these signatures further.

A. jj

The CMS Collaboration provides limits on parton-level
cross sections for narrow gg resonances in Ref. [22]. These
results are based on 13 TeV run 2 data. The octet width is
dominated by the decay to gluons and is significantly
smaller than the experimental mass resolution across the
mass range considered. We are therefore justified in directly
applying the limits derived in Ref. [22] to the octet in our
models, as well as the narrow width approximation in
estimating the corresponding dijet cross sections, since
mπ̃8=Γπ̃8 ≪ 1. Similar conclusions hold for the η̃0 and η̃.
The 13 TeV ATLAS dijet search [23] yields exclusions
similar to Ref. [22], so we only implement the latter.
Production of the octet and singlets through gluon fusion

arises from the dimension-5 anomaly couplings, which scale
as 1=Λ̃. The cross sections also depend on the resonance
mass. For the η̃0, we expectmη̃0 ∼ Λ̃, but the π̃8 and η̃masses
depend additionally on the hyperquark masses. For con-
creteness, we will show results for mπ̃8 ¼ 0.38, 0.47, and
0.75Λ̃ and mη̃ ¼ 0.5Λ̃. These choices correspond to those
considered in our paired diboson analyses for the Uð3Þ and
Uð5Þmodels7 and allow for a straightforward comparison of
results for the various channels.

The current LHC sensitivity to π̃8 in the dijet channel is
shown in Fig. 9. Applying the cuts specified in Ref. [22]
corresponds to an acceptance A ≈ 0.6 across the entire mass
range. Limits on σ × BR can then be directly obtained from
the 95% C.L. bounds on the parton-level σ × BR × A for a
dijet resonance decaying to gluons reported in Ref. [22].
Figure 9 shows that the LHC is currently sensitive to values
of mπ̃8 ≲ 1–1.5 TeV, corresponding to Λ̃≲ 2–3 TeV for
the values of mπ̃8 shown. Future LHC searches can extend
this reach considerably higher, up to mπ̃8 ∼ 2–3 TeV, Λ̃ ∼
4–5 TeV in searches for the octet at the high-luminosity
LHC. Estimates for 300 and 3000 fb−1, corresponding to
the dashed red curves in Fig. 9, were obtained by rescaling
the expected sensitivities presented in Ref. [22] by the
square root of the ratio of integrated luminosities,
ðR Ldt=36 fb−1Þ1=2. Increasing ffiffiffi

s
p

to 14 TeV would of
course slightly increase the reach.
On the right-hand side of Fig. 9, we also show the LHC

sensitivity to the singlet η̃0 in the Uð3Þ model, assuming
mη̃0 ¼ Λ̃, mπ̃8 ¼ 0.47mη̃0 . The dijet branching ratio now
depends on θ̃, since the CP-violating η̃0 → π̃8π̃8 decay
channel is open. For a fixed Λ̃, the resulting constraints are
not as strong as those for the octet, due primarily to the
higher mass of the η̃0 relative to Λ̃. Nevertheless, dijet
production through the η̃0 excludes low values of Λ̃ for
small θ̄2, and the high-luminosity LHC will be able to
significantly improve the sensitivity to the singlet.
A 100 TeV pp collider will have the opportunity to

observe both the parametrically light and heavy states of a
new hypercolor sector via dijets across a large range in Λ̃.
We show σ × BR for pp → π̃8 → jj and pp → η̃0 → jj in
Fig. 10, along with the projected sensitivities of a 100 TeV
collider for different integrated luminosities. These curves
were obtained by simulating dijet events for the signal and
multijet QCD background as in the analyses of Sec. III.
We impose the requirement jηj < 2.5 on the pseudorapidity
of the leading pT jets, as well as jΔηðj1j2Þj ≤ 1.3 to reduce

FIG. 9. Dijet cross sections and limits at the 13 TeV LHC for octets (left) and singlets (right). For the singlet case, predictions are
shown for mπ̃8 ¼ 0.47Λ̃ (just below the η̃0 → π̃8π̃8 threshold) and various values of θ̄2. Also plotted are estimates of the reach for
300 fb−1 and 3 ab−1 at 13 TeV, obtained by rescaling the expected bounds from Ref. [22].

7For the Uð5Þmodel, we tookmη̃ ¼ Λ̃=2; mπ̃ ¼ 0.4mη̃, which,
via Eq. (A25), yields mπ̃8 ≃ 0.75Λ̃.
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the background from t-channel QCD dijet events, as in
Ref. [22]. We use the invariant mass of the leading pT jet
pair to isolate the signal. For a given π̃8mass,we find thepeak
of the invariant mass distribution of the leading two jets,
mmax

jj , and apply a cut onmjj outside a double-sided window
centered on mmax

jj . The window extends out to values of mjj

forwhich thedistribution,dσ=dmjj falls to 80%of its value at
mmax

jj . We then infer sensitivities from the number of signal
and background events in thiswindow. The sensitivity curves
for the singlet are obtained analogously.Wehaveverified that
our results agree reasonably well with other 100 TeV dijet
studies, such as Ref. [24].
Figure 10 suggests that new hypercolor sectors up

to Λ̃ ∼ 20–30 TeV could be discovered with 30 ab−1 at
a future 100 TeV collider through the π̃8 dijet signal.8

Interestingly, a future collider can also indirectly provide
information about new vacuum angles in these models via
dijets. If both the octet and singlet η̃0 are discovered in the
dijet channel, and mη̃0 > 2mπ̃8 , the observed value of σ ×
BRðpp → η̃0 → jjÞ can be used to infer an upper bound on
θ̄2 in a given model. Obtaining a model-independent upper
bound on new CP-violating effects in this way would
require that the pseudoscalar nature of the η̃0 be inferred
from e.g., kinematic distributions of gluon fusion η̃0 pro-
duction with additional ISR jets, as suggested in Ref. [25],
which may be difficult.
For completeness we also show results for the η̃ of the

Uð5Þ model in dijets in Fig. 11. There is less sensitivity
in this channel compared to the corresponding results
for the π̃8 and η̃0 due to the relatively large mη̃=Λ̃ ratio we
have assumed, and because there is no color factor
enhancement as for the π̃8. We will see below that
diphoton searches provide a significantly more powerful
probe of the η̃ when the hyperquarks have nonzero
hypercharge.

FIG. 10. Dijet cross sections and projected sensitivities at the 100 TeV pp collider for octets (left) and singlets (right). For the singlet
case, predictions are shown for mπ̃8 ¼ 0.47Λ̃ (just below the η̃0 → π̃8π̃8 threshold) and various values of θ̄2.

FIG. 11. Dijet cross sections, limits, and projected sensitivities at the LHC and 100 TeV pp collider for the η̃ of the Uð5Þ model.
Predictions are shown for mη̃ ¼ Λ̃=2, mπ̃0 ¼ 0.4mη̃, and for various values of θ̄2.

8Our analysis above neglected trigger effects, which could be
an issue for reaching low masses (see e.g., Ref. [24] for a
discussion).
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B. jγ

We can proceed similarly for the jγ final state. This
channel has been recognized as a potentially powerful
probe of new QCD-like sectors at the LHC [26,27]. Current
searches already place limits on σ × BRðpp → π̃8 → jγÞ,
such as the CMS study in Ref. [28], and the ATLAS study
in Ref. [29], which frame the results in terms of excited
quark decays to qþ γ. Simulating pp → π̃8 → jγ events
and applying the basic selection criteria outlined in
Ref. [28], we find a similar acceptance × efficiency as
that reported by CMS. However, because the excited quarks
decay to qþ γ, and not gþ γ, we also find that the
reconstructed widths of the π̃8 resonances in the jγ
invariant mass distribution are significantly larger than
those for excited quarks. We therefore expect a direct
application of the CMS and ATLAS bounds to our scenario
to likely be overly pessimistic, but still illustrative.
Directly applying the bounds on σ × BR reported in

Refs. [28,29] to the process involving the π̃8, we arrive at
the results shown in Fig. 12. Current results conservatively
exclude octet masses below ∼2.5–3.5 TeV. The projected
sensitivities for higher luminosities were obtained in the
same way as for dijets above (by rescaling the expected
CMS limits). With 3 ab−1, the exclusion reach of the LHC
will be extended up to ∼4–4.5 TeV masses. This channel is
thus significantly more sensitive than dijets, but is also
more model-dependent, as it depends quite sensitively on
the value of the hyperquark hypercharge. Our choice of
Y ¼ 4=3 illustrates the maximum reach in this channel
such that there are dimension-6 operators allowing the
triplets to decay.
We also consider the 100 TeV reach for the octet in the jγ

channel. We use the same simulation pipeline as in our dijet
analysis, and the same selection criteria as Ref. [28], except

now requiring pTðj1Þ > 1.5 TeV, pTðγ1Þ > 1.25 TeV.
For a given mπ̃8 , we compare the number of signal and
background events in a window centered on mπ̃8 and
extending to where the expected number of signal events
falls to half of its maximum value. The results are shown in
the right hand side of Fig. 12. A 100 TeV collider will have
an impressive reach for the octet in this channel, with
discovery potential extend up to mπ̃8 ∼ 15–25 TeV (corre-
sponding to Λ̃ ∼ 30–45 TeV), depending on the mπ̃8=Λ̃
ratio. The signal-to-background ratio is∼0.1 or larger across
the discovery range. Comparing to the dijet reach shown in
Fig. 10, we see that the jγ channel can be considerably more
sensitive to the octet, although this depends on the electric
charge assignments for the hyperquarks.

C. γγ

The singlet pseudoscalars can also decay to diphotons.
We show limits on the diphoton production cross section
through the η̃ in the Uð5Þ model and the η0 in the Uð3Þ
model in Fig. 13, along with the predicted cross sections
for various values of θ̄2. The θ̄2-dependence arises from
CP-violating decays to hyperpions, which is kinemati-
cally open in both cases [as before we take mη̃ ¼ Λ̃=2,
mπ̃0 ¼ 0.4mη̃ in the Uð5Þ case, and mη̃0 ¼ Λ̃, mπ̃8 ¼
0.47mη̃0 in the Uð3Þ model]. The limits are taken from
the ATLAS search in Ref. [30], which only report limits
out to masses around 2.5 TeV for the spin-0 case. Since
the spin-2 results are reported out to 5 TeV and are
roughly flat past 2.5 TeV, we simply extrapolate the spin-
0 limits out to higher masses. This is also consistent with
the CMS diphoton search in Ref. [31], which features
lower integrated luminosity and thus weaker limits. Note
that for the higher luminosity projections we assume the
same scaling for both the low and high-mass regions with

FIG. 12. Cross sections, limits, and projected sensitivities for the process pp → π̃8 → jγ at the 13 TeV LHC (left) and a 100 TeV pp
collider (right). Predictions are shown for several choices of mπ̃8=Λ̃, corresponding to the various values assumed in our tetraboson
analyses. The limits apply to narrow qγ resonances [28,29] and are likely overly pessimistic for the wider gγ final state of interest here.
They should be interpreted as a conservative bound. The projections for higher luminosities at 13 TeV were obtained by rescaling the
current expected limits in Ref. [28].
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luminosity, which will likely underestimate the sensitivity
at highmasses, where the search is essentially background-
free. Scaling instead by the ratio of integrated luminosities,
the reach would asymptote to σ × BR ∼ 10−5 (10−6) pb at
300 fb−1 (3 ab−1).
We also estimate the reach of a future 100 TeV pp

collider in the diphoton channel. We generate signal and
background events as above, considering only the irre-
ducible Standard Model γγ background. We require two
photons with pTðγ1Þ > 0.4mγγ , pTðγ2Þ > 0.3mγγ , as in the
13 TeVATLAS search [30]. For a given resonancemass, we
cut in a window centered on the mass and extending out to
the points where the number of expected signal events falls
to 10% of the maximum value. We define the discovery
(exclusion) reach at lowmasses by requiring S=

ffiffiffiffi
B

p ¼ 5 (2)
at 30 ab−1. At large invariant masses, the Standard Model

γγ background is very small, and so instead of a require-
ment on S=

ffiffiffiffi
B

p
, we define the discovery (exclusion) reach

by requiringmore than 10 (4) signal events at 30 ab−1, once
all cuts are imposed. The results are shown in Fig. 14 for
both the η̃ of the Uð5Þ model, and η̃0 of the Uð3Þ scenario,
assuming the same relations between parameters as for the
LHC analysis.
Figure 14 shows that a 100TeV collider can have excellent

reach for the singlets in the diphoton channel. Comparing
with Fig. 12, for a fixed value of Λ̃ and small θ̃, the sensitivity
to newQCD-like sectors via diphotons can exceed that in jγ.

D. Implications for paired diboson
resonance searches

The limits and projections from diboson resonance
searches have important ramifications for the discovery

FIG. 13. Cross sections, limits, and projected sensitivities for the process pp → η̃ðη̃0Þ → γγ at the 13 TeV LHC. For the η̃ of the Uð5Þ
model, predictions are shown for mη̃ ¼ Λ̃=2, mπ̃0 ¼ 0.4mη̃. For the η̃0 of the Uð3Þ model, the predictions correspond to mη̃0 ¼ Λ̃ and
mπ̃8 ¼ 0.47mη̃0 . In both cases we also show the dependence on θ̄2. Note that for the higher luminosity projections we assume ðR LdtÞ1=2
scaling for both the low and high-mass regions, which will likely underestimate the sensitivity at high masses, where the search is
essentially background-free. Scaling instead by the ratio of integrated luminosities, the reach would asymptote to σ × BR ∼ 10−5

(10−6) pb at 300 fb−1 (3 ab−1).

FIG. 14. Cross sections and expected sensitivities for the process pp → η̃, η̃0 → γγ at a future 100 TeV collider. The parameters are
fixed as in Fig. 13.
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potential in paired diboson searches at the LHC and a future
100 TeV pp collider. We show the combined results for
our tetraboson and diboson sensitivity estimates for the
Uð5Þ model in Fig. 15 in the Λ̃ − θ̄2 plane, taking
mη̃ ¼ Λ̃=2, mπ̃0 ¼ mη̃=2.5, mπ̃8 ¼ 0.75Λ̃, and Y ¼ 4=3
for the nonsinglet hyperquarks. On the left-hand side,
we show results for the 13 TeV LHC. The dark and lighter
shaded regions correspond to the S=

ffiffiffiffi
B

p ¼ 5 (“5σ”) and
S=

ffiffiffiffi
B

p ¼ 2 (“2σ”) reach in the gg → η̃ → π̃0π̃0 → jjþ γγ
channel provided 3 ab−1 integrated luminosity. Also shown
are the current bounds and 3 ab−1 95% C.L. projections
from the gg → η̃ → γγ and gg → π̃8 → jγ channels. The
other diboson sensitivities are subdominant. The right-hand
side shows the analogous results for a future 100 TeV pp
collider with 30 ab−1 of integrated luminosity.
From Fig. 15, we conclude:
(i) Given the current constraints from jγ and γγ

searches, there is still discovery potential for
CP-violating hypermeson decays in the jjþ γγ
final state at the LHC, of which the Uð5Þ model
provides an example. The sensitivity in jjþ γγ can
exceed that provided by π̃8 → jγ at 3 ab−1 and
provide the most sensitive probe of new QCD-like
sectors with Oð1Þ vacuum angles. The η̃ → γγ
channel provides complementary coverage to
CP-violating η̃ decays at small vacuum angles.
The η̃ → γγ and π̃8 → gγ channels are typically
more sensitive than η̃, π̃8 → jj and processes
involving resonant production of the η̃0 and ρ̃.

(ii) A 100 TeV collider will be able to access an
impressive range of Λ̃ and θ̄2 values in a variety
of channels. CP-violating η̃ → π̃0π̃0 decays can be
probed for confinement scales up to ∼35–40 TeV
and θ̄2 as small as ∼0.05 for small Λ̃. Such a signal
would likely be accompanied by a variety of
corresponding diboson signals, most notably a jγ
resonance corresponding to the π̃8 and possibly a
diphoton signal from the η̃.9 Corresponding signals
in the dijet channel and from the η̃0 and ρ̃ will also be
present for lower values of Λ̃.

Although not included in Fig. 15, note also that η̃ decays
to the 4j final state at a 100 TeV collider could provide
sensitivity to Λ̃ up to ∼10 TeV and θ̃ as small as ∼0.3 for
low Λ̃. Such a signal would be accompanied by π̃8 → jj
decays, and possibly η̃ → jj for small θ̃, along with
signatures of the ρ̃ and the various hypercharge-dependent
processes outlined above.
Analogous results for the processes involving π̃8s in the

Uð3Þ model are shown in Fig. 16. In this case, we have
taken mη̃0 ¼ Λ̃, mρ̃ ¼ 0.8mη̃0 , mπ̃8 ¼ 0.47mη̃0 . Because the
CP-violating decays in this scenario involve the η̃0 with
mass near the confinement scale, the reach for these

FIG. 15. Summary of the projected discovery and exclusion reach in the Uð5Þ model at the 13 TeV LHC (left) and a 100 TeV collider
(right). We have assumedmη̃ ¼ Λ̃=2,mπ̃0 ¼ 0.4mη̃,mπ̃8 ¼ 0.75Λ̃. The darker (lighter) shaded regions correspond to the approximate 5σ
(2σ) sensitivity reach via the gg → η̃ → π̃0π̃0 → ggþ γγCP-violating process assuming 3 ab−1 for the LHC and 30 ab−1 for 100 TeV.
We also show sensitivities to gg → η̃ → γγ (orange) and gg → π̃8 → gγ (blue). For the LHC, the corresponding solid contours indicate
current 95% C.L. exclusion limits, while dotted contours correspond to 95% C.L. projected sensitivities at 3 ab−1. For the 100 TeV
results, dashed (dotted) contours indicate ∼5σ discovery (2σ exclusion) reach given 30 ab−1. For all channels shown the experimentally
accessible regions lie to the left of the corresponding contours.

9Note that the jγ and γγ reach grows more rapidly than that for
jjγγ with increasing center of mass energy, because the back-
grounds for the former are dominated by quark-quark and quark-
gluon–initiated processes, for which the parton luminosities
increase more slowly with

ffiffiffi
s

p
.
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processes at hadron colliders are not as strong as in the
Uð5Þ case, but they can still provide a compelling signal
for large vacuum angles. In particular, from Fig. 16 we
conclude:

(i) At the LHC, searches for jγ resonances already
constrain π̃8 masses to be heavier than ∼2.5–3 TeV.
This would appear to exclude regions in which the
LHC will have sensitivity to CP-violating η̃0 decays.
One should bear in mind, however, that the interplay
between these various searches depend on the charge
assignments for the hyperquarks. Furthermore, the
jγ bound shown in Fig. 16 is aggressive, and would
be weakened in a more careful recast of the existing
searches accounting for the smearing in the jγ final
state associated with gluons rather than quarks.
Nonetheless, we expect that a discovery of the η̃0
in this mode at the LHC will become increasingly
unlikely if the limits on jγ resonances continue to
improve with no evidence of the π̃8.

(ii) At 100 TeV, one can observe the effects of
CP-violating η̃0 decays for Λ̃ up to ∼25–30 TeV
in the Uð3Þ model for large vacuum angles. In
contrast to the Uð5Þ case, contributions from
ρ̃ð�Þπ̃8π̃8 interactions comprise an irreducible con-
tribution to this channel, even in the absence of θ̃.
We expect the π̃8 to appear in jj and jγ resonance
searches (and the ρ̃ to appear in qq̄ searches if ρ̃ →
π̃8π̃8 is kinematically forbidden) before seeing the
tetraboson signals corresponding to the ρ̃ð�Þ and η̃0,

for this benchmark. This is consistent with the our
treatment of nonresonant π̃8 pair production as a
background to the resonant tetraboson signatures in
Secs. III C and III D.

(iii) On shell ρ̃ → π̃8π̃8 production will also be difficult to
observe via 2j2γ and 3j1γ at the LHCgiven current jγ
constraints on the π̃8. In the analyses of Secs. III C
and III D, we assumed mπ̃8 ¼ 0.38Λ̃. From Fig. 12,
current bounds on jγ resonances for this choice of
parameters imply mπ̃8 ≳ 2.5 TeV, corresponding to
Λ̃ ≳ 6.5 TeV and thus mρ̃ ≳ 5.2 TeV, which is be-
yond the projected sensitivities shown inFigs. 7 and 8.
However, there is a significant uncertainty on the ρ̃
production cross section, in addition to the model-
dependent interplay between the various bounds. We
believe that the 2j2γ and 3j1γ channel areworthwhile
to investigate for evidence of a ρ̃ as the LHC program
continues.

(iv) At 100 TeV, on shell ρ̃ → π̃8π̃8 production can be
discovered formρ̃ up to∼15–20 TeV in the 3j1γ final
state, and 25–30 TeV in 2j2γ. From Figs. 10 and 12,
such a discoverywould likely also be accompanied by
π̃8 and η̃0 signatures in the diboson channels.

We once again emphasize that these conclusions are
influenced by our benchmark choices for the model
parameters, in particular the hypercharge of the new
vectorlike quarks. Nevertheless, these benchmarks illus-
trate the interplay between the various channels and the
concrete potential for discovering a new QCD-like sector,

FIG. 16. As in Fig. 15, but for theUð3Þmodel at the 13 TeV LHC (left) and 100 TeV (right). We have assumedmη̃0 ¼ Λ̃,mρ̃ ¼ 0.8mη̃0 ,
mπ̃8 ¼ 0.47Λ̃, corresponding to the off shell ρ̃ benchmark in Eq. (17). The darker (lighter) shaded regions correspond to the approximate
5σ (2σ) sensitivity reach via gg → η̃0, ρ� → π̃8π̃8 → gγ þ gγ processes assuming 3 ab−1 for the LHC and 30 ab−1 for 100 TeV. We also
show sensitivities to gg → η̃0 → γγ (orange) and gg → π̃8 → gγ (blue). For the LHC, the corresponding solid contours indicate current
95% C.L. exclusion limits, while dotted contours correspond to 95% C.L. projected sensitivities at 3 ab−1. For the 100 TeV results,
dashed (dotted) contours indicate ∼5σ discovery (2σ exclusion) reach given 30 ab−1. For all channels shown the experimentally
accessible regions lie to the left of the corresponding contours.
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and possibly evidence for a new vacuum angle, at the LHC
and a 100 TeV pp collider. We investigate some of the
other consequences of θ̃ below.

V. COSMOLOGICAL IMPLICATIONS OF θ̃

The θ̃ term in new strongly coupled gauge sectors can
lead to an interesting interplay with the strong CP problem
and play an important role in early Universe cosmology.
When the new sector contains states charged under QCD,
as in the collider-accessible scenarios discussed in the
previous sections, a nonzero θ̃ implies that QCD must have
an axion. Furthermore, in scenarios where a dark pion
charged under a species symmetry is a component of dark
matter, as in the Uð5Þ model above, a large θ̃ can drive
annihilation processes responsible for setting the relic
abundance [12]. If hypercolor has its own dark axion, θ̃
is small, and dark matter can be a mixture of QCD and dark
axions. We discuss each of these observations in the next
sections.

A. Strong CP and the QCD axion

The solutions to the strongCP problemcanbe classified as
“UV” and “IR,” referring to the scale at which the solution
operates relative to ΛQCD. The most well-known UV sol-
utions are Nelson-Barr (NB) models [32–35], based on
microscopic CP symmetry, and left-right models [36–40],
based on microscopic P symmetry. Recently there have also
been a number other UV solutions proposed [41–43]. By
contrast, with the lattice exclusion of the vanishing up quark
mass, the only known viable IR solution is the Peccei-Quinn
mechanism [44,45].
Most UV solutions utilize the fact that radiative correc-

tions to θ in the SM are extremely small [46,47]. In NB
models, e.g., a new sector spontaneously breaks CP at high
scales, which is then communicated to the SM by a
mechanism that permits a CKM phase but does not
generate θ. A relatively simple example was given in [35].
By relying on the small SM renormalization of θ, UV

solutions are typically quite fragile. Other new dynamics
between the SM and the scales of the UV solution can
easily render the solution inoperative, either by introducing
new phases that contribute to θ or new couplings that
increase its radiative corrections. Supersymmetry is a well-
studied example [48–50] (and highlights the more general
and rather mysterious fact that it is difficult to solve both
strong CP and the electroweak hierarchy problem at the
same time). Similarly, in some cases, new strong dynamics
unaffiliated with the strong CP problem can inadvertently
eliminate UV solutions to it [51].
This seemingly unfortunate property can be turned

around. By searching for new physics coupled to QCD,
colliders can potentially rule out UV solutions to the strong
CP problem. In fact, since the scale of UV solutions need
not be close to the weak scale, this is likely the easiest way

to test these mechanisms. Since the PQ mechanism is the
only known IR mechanism, such discoveries could be
thought of as constituting an “indirect detection” of the
QCD axion.10

New QCD-like sectors coupled to QCD are a particularly
clean example, as we will now discuss. Coupling to QCD
both permits strong production at hadron colliders and
transmits a correction to θQCD of order θ̃ that rules out UV
solutions for any detectably large θ̃. Let us exhibit this
correction in the Uð3Þ and Uð5Þ models analyzed above.
In the Uð3Þ model, as shown in the Appendix, there are

two field-redefinition-invariant vacuum angles. Parity vio-
lation in QCD0 is controlled by θ̄2. However, at low energies
and for small m, parity violation in QCD is controlled by
the combination

θeff ¼ θ̄1 − Nc̃θ̄2=3: ð23Þ

This can be seen by performing a Uð1Þ0A transformation to
move θ̃ into the hyperquark mass and then integrating out
QCD0. Alternatively, it can be thought of as a threshold
correction arising from a vacuum expectation value (vev) of
order θ̃ for the η̃0 meson of QCD0, which couples to QCD
through the anomaly. Using θ þ arg detmqq̄ þ Nc̃θ̃=3 ¼
θ̄1 − Nc̃θ̄2=3, we recover θeff. θeff is corrected by OðmÞ
effects, and in the opposite limit of largem, θeff ¼ θ̄1. Thus,
if parity-violating effects are seen in QCD0, it is strong
evidence that θeff ≠ 0 at the scale of QCD0, and therefore
the strong CP problem must be solved further in the
infrared.
A similar effect arises in theUð5Þmodel, and the threshold

correction is calculable in ChPT. The η̃ state couples to
the QCD topological charge through the anomaly, and in
the presence of θ̃, η̃ obtains a vev of order θ̃fπ̃ times a ratio
of hyperquark masses. Thus

ΔθQCD ∼ hη̃=fπ̃i ∼ θ̃ × ðm=m3Þ ð24Þ

in the QCD-like limit m1 ∼m2 ≪ m3.
There is therefore a close connection between the

discoverability of these models at hadron colliders, the
detectability of their vacuum angle-dependent processes,
and large threshold corrections to θQCD. Although new
QCD-like sectors are far from the most general possibility
for new physics, they are a sharp proof-of-concept that the
discovery of BSM physics can provide useful insight
regarding solutions the strong CP problem. In these
extensions of the SM, if strong CP is solved dynamically,
QCD must have an axion.

10This conclusion neglects the possibility that strong CP has
an anthropic origin; although little about macrophysics would
change if θ were much larger (see, e.g., [52]), it is not
inconceivable that θ is connected with other problems (e.g.,
the cosmological constant [53–55]).
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The QCD axion has long been known to be a compelling
candidate for dark matter [56–58], but new strong dynam-
ics is also a setting for a variety of other DM candidates,
which may then contribute alongside the axion to a sector
of multicomponent DM. Two candidates, discussed in the
subsequent sections, are particularly tied to the hypercolor
θ̃-term.

B. Dark hyperpions

New confining gauge sectors can give rise to a host of
possible dark matter candidates, including glueballs, hyper-
baryons analogous to protons, hyperpions analogous to the
π�, and dark axions. In the case of dark hyperpions, θ̃ can
play an important role in freeze-out processes [12].
The Uð5Þ model discussed above is the simplest model

with couplings to QCD and a hyperpion dark matter
candidate. The off diagonal neutral π states are stabilized
by an accidental Uð1Þ species symmetry. For generic
parameters, the relic abundance is set primarily by 2 →
2 π̃ π̃ annihilations into π̃0π̃0, which then decay into SM
bosons. However, near the η̃ resonance, the abundance can
also be determined by s-channel annihilations through the
CPV π̃�π̃ η̃ vertex [12],

L ⊃ π̃�π̃ η̃ : ð25Þ

Although the η̃ is a narrow state, thermal broadening [59]
creates a larger band of mπ̃ < mη̃ where the annihilations
are resonantly enhanced. In the isospin-preserving limit,
this is complementary to the regime with the best collider
prospects for the 4-boson resonance processes studied
above: maximizing the CPV coupling while still permitting
on shell η̃ → π̃0π̃0 decays favors near-threshold π̃.
Figure 17 shows a portion of the parameter space where

1 TeV dark pions saturate the relic density, including
thermal effects. Direct and indirect detection prospects
were studied in [12], and rates are typically small. Colliders
may well provide the most promising setting for probing a
dark pion component of the relic density via searches for its
visible counterparts.11

Nonthermal production of dark pions associated with
early matter domination is also of interest, as we will see in
the next section.

C. Dark axions

If θQCD is relaxed by an axion, the associated PQ
symmetry must be of extremely good quality, broken only
by the QCD anomaly to a part in 1010 [60]. Such an axion
can arise in string theory compactifications [61], and it has

been suggested that a typical compactification producing a
viable QCD axion will produce many other light axionlike
particles as well [62]. In that case, one (linear combination)
of these fields might couple to the hypercolor sector.
If hypercolor has a “dark axion”, θ̃ is partially or

completely dynamically relaxed, and we do not expect large
parity-violating signatures at colliders (although 4-boson
resonances are associated with the ρ̃ are still expected).
In this case, it is interesting to consider dark matter with
contributions from both a QCD axion and a dark axion. We
will only consider coherent oscillations from misalignment
and assume that all of the dark axion mass comes from
hypercolor.
In a typical model, both axions couple to both QCDs

with different anomaly strengths which we take to beOð1Þ,

L ∼
�
c1

a1
f1

þ c2
a2
f2

�
GG̃þ

�
a1
f1

þ a2
f2

�
HH̃: ð26Þ

In general there are also coefficients for ai=fi in the
couplings to hypercolor, but for simplicity we have
absorbed them into the fi.
Since we are interested in models with colored hyper-

quarks, Λ̃ is necessarily ≫ ΛQCD. It is then convenient to
change the basis, defining

aA
fA

≡ a1
f1

þ a2
f2

fA ≡ f1f2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f21 þ f22

p
aB
fB

≡ −f1a1 þ f2a2
f21 þ f21

fB ≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f21 þ f22

q
: ð27Þ

The dark axion is mostly the aA state, while the QCD axion
is mostly the aB state. Note that fA ∼minðf1; f2Þ and
fB ∼maxðf1; f2Þ. The dark axion mass vs fA is shown in
Fig. 18. The couplings to QCD are

FIG. 17. Hypercolor sector scales for which the stable neutral
hyperpion in the Uð5Þ model constitutes an Oð1Þ fraction of dark
matter for various values of θ̄2. The freeze-out process is
controlled by CP-violating s-channel annihilation through the η̃.

11Note that decays to dark pions will also give rise to mono-X
topologies. However, we expect the sensitivity in these channels
to be significantly reduced relative to those involving visible
decays, due to large backgrounds and a lack of discriminating
kinematic features.
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L ∼
�
cA

aA
fA

þ cB
aB
fB

�
GG̃; ð28Þ

where, with the definitions of Eq. (27), cA;B ∼ 1 for
arbitrary confinement scales and decay constants.
As the Universe cools the axion potentials start to turn

on. Eventually the dark axion starts to oscillate,12 corre-
sponding mostly to the lower decay constant and the larger
Λ. The temperature dependence of the potential is relevant
if oscillation begins during a conventional radiation-
dominated phase. For concreteness, we assume the same
scaling as in QCD, namely

mAðTÞ ∼mAð0Þ ×
�
Λ̃
T

�
4

ð29Þ

above Λ̃, which approximately valid for both the Uð3Þ and
Uð5Þ models for three hypercolors. Then the dark axion
comes to dominate the energy density at

T=Λ̃ ∼ θ̃20ðfA=MpÞ76; ð30Þ

where θ̃0 is the initial misalignment angle.
For θ̃0 ∼ 1, preventing matter domination before 1 eV

appears to require extremely low fA compared to typical
considerations for the QCD axion. For Λ̃ ∼ 10 TeV,
Eq. (30) suggests fA ∼ 107 GeV. On the other hand, if
aA has ∼α=4πfA coupling to QED and fA is so low, the
dark axion typically decays before BBN and is not a part of
the relic density. However, it is still subject to other
astrophysical constraints through the couplings in Eq. (28).
Larger decay constants are permissible with some fine-

tuning of the initial misalignment angle. If we require the
dark axion to contribute to the present-day dark matter
density, then its lifetime must be much longer than the age
of the Universe to satisfy CMB constraints. These con-
straints are illustrated in Fig. 18. For Λ̃ ∼ 10 TeV, lifetimes
consistent with the CMB require fA ≳ 1014 GeV. Then the
initial misalignment angle must be fine-tuned to a part
in 104.
The idea that both QCD and hypercolor have their own

axion is most natural in the context of a string axiverse, in
which case large decay constants are easier to understand.
However, in this context, there is another route to achieve
an acceptable cosmology without fine-tuning the initial
misalignment angle: early matter domination driven by
scalar moduli (saxions) can eliminate the relic density
dependence on Λ̃.
Let us assume saxion domination occurs, and eventually

the saxion(s) decay at some TR ≳ 10 MeV. Then both

axions oscillate during matter domination. Because the
Hubble scale is larger, the oscillation temperatures are
lower than the corresponding temperatures in radiation
domination, and the temperature dependence of the axion
masses is unimportant. Furthermore, each axion occupies a
fixed fraction ðθi0fi=MpÞ2 of the energy budget until TR

[64]. This property applies both to the dark axion and the
QCD axion. Correspondingly, the ratio of energy densities
at late times is

ΩA

ΩB
¼

�
θ̃0fA
θ0fB

�
2

ð31Þ

and axion domination around 1 eV is obtained if

max

�
θi0fi
Mp

�
2

∼
eV
TR

: ð32Þ

In contrast to the conventional scenario without early
matter domination, we see that the relic abundance of dark
axions is insensitive to Λ̃. Furthermore, for typical cou-
plings and comparable misalignment angles, the hierarchy
fA ≲ fB implies that the QCD axion is a larger component
of the late-time energy density than the dark axion unless
the decay constants are quite similar.

D. Dark hyperpions with early matter domination

Previously, we considered a species-stabilized hyperpion
contribution to dark matter, with the relic abundance set by
thermal freeze-out through annihilation processes involv-
ing θ̃. As discussed in [12], the relic abundance can also be
obtained through thermal freeze-out with annihilations
π̃ π̃ → π̃0π̃0, relevant for scenarios in which θ̃ is small or
vanishing.
The dark axion scenario discussed in the previous section

motivates reconsidering the hyperpion relic abundance with

FIG. 18. The dark axion mass-decay constant relation for
Λ̃ ¼ 1 TeV (upper) and 10 TeV (lower). Dashed regions corre-
spond to aA → γγ decays in conflict with either BBN or CMB
observations.

12Note that for certain choices of the various scales and
parameters, the interplay between the contributions to the
potential and the resulting dynamics can be nontrivial; see
e.g., Ref. [63].
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small θ̃ and early matter domination. The total dark matter
density in scenarios like our Uð5Þ model could then be a
noninteracting mixture of QCD axions, dark axions, and
hyperpions.
In the early matter domination scenario, the hyperpion

relic abundance is set by the number NDM produced in each
modulus decay and the subsequent annihilation rate [65].
Naïvely, NDM should be of order 1 per modulus, since the
lightest modulus S can couple to hypercolor at dimension 5,
via SHμνHμν=Mp. However, as one might expect from
experience with winos [65–69], the subsequent annihilation
rate is much too low to prevent overclosure. Numerically
integrating the Boltzmann equations, we find that we
require NDM ∼ 10−5 per modulus, so that annihilations
essentially play no role and every hyperpion produced in
a modulus decay contributes to the relic abundance.
A benchmark point is shown for illustration in Fig. 19.

E. Summary

We have sketched some of the theoretical and cosmo-
logical implications of θ̃ in a new hypercolor sector. When
θ̃ is large and hypercolor couples to QCD, UV solutions to
strong CP are not viable, and QCD must have an axion.

The QCD axion can then contribute to dark matter in the
usual ways.
Apart from their interesting collider signatures, a moti-

vation for studying hypercolor sectors in the first place is
their realization of several dark matter candidates. Previous
authors have shown that one scenario for obtaining a viable
hyperpion relic density is through θ̃-dependent resonant
annihilations [12]. With thermal effects included in the
annihilation rates, parameters consistent with the relic
density can be complementary to regions with good
collider reach for the θ̃-dependent processes studied above.
If we live in an axiverse, θ̃ may be small if hypercolor is

the primary source of another axion’s mass. A dark axion
coupled to a hypercolor sector with collider-relevant con-
finement scale is most easily realized if the Universe
undergoes a period of early matter domination with low
reheating temperature. In this case, the relic axion abun-
dance receives contributions from both dark and QCD
axion oscillations with fractions set by the effective decay
constants (27).
We have also seen that not all of these possible con-

tributions to dark matter fit well together: with a dark axion
and early matter domination, dark hyperpions are over-
produced unless their occurrence in modulus decays is
very rare.

VI. CONCLUSIONS

Models of new QCD-like sectors are well-motivated,
natural extensions of the Standard Model offering a rich
spectrum of signatures at the high-luminosity LHC and
future hadron colliders. In this context we have studied
decays of heavier hypermeson states into lighter hyper-
mesons, resulting in 4g, 2g2γ, and 3g1γ resonant final
states. These processes are associated with CP-violating
triple-pion interactions controlled by the vacuum angle θ̃ as
well as ρ̃ π̃ π̃ couplings. We provided sensitivity estimates
for these signatures in benchmark models at the HL-LHC
and a 100 TeV pp collider, finding that the 4-boson
resonances are an interesting and relevant probe at current
and future colliders and can offer reach complementary to
diboson final states.
We have also discussed axion, dark axion, and dark

hyperpion candidates for dark matter in these models and
the roles of θ̃ in the cosmological history. In some cases
collider searches offer complementary information: evi-
dence for a large θ̃ strongly supports the existence of a
QCD axion, while small θ̃ may indicate a dark axion,
possibly with a period of early saxion domination to avoid
overclosure constraints.
There are numerous opportunities for generalization,

including hypermeson cascade decays involving weak
bosons (see also [14]) and Higgs bosons, decays involving
dark pions, and models with very light hyperpions. It would
also be interesting to investigate the prospects for directly

FIG. 19. Contours of the stable neutral hyperpion relic density,
h2ΩDM, in the Uð5Þ model with early modulus domination. Red
dashed contours correspond to relic abundances exceeding the
observed cold dark matter density. Axes correspond to the
hyperpion mass and the number produced per modulus decay.
For this benchmark point, the modulus mass is 100 TeV
(corresponding to a reheat temperature ∼10 MeV), the hyper-
color scale is Λ̃ ¼ 10 TeV, the η̃ mass is 5 TeV, and the π̃0 is
taken to be 2=3mDM so that annihilations are not kinematically
suppressed. Typically we require NDM ∼ 10−5, while annihila-
tions are not significant until NDM ≳ 10−2.
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measuring the CP properties of the various hypermesons at
colliders. We hope to pursue some of these directions in
future work.
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APPENDIX A: MODEL DETAILS

In this Appendix we compute various properties of the
Uð5Þ and Uð3Þ models utilized in the main text. In the first
section we summarize our conventions that are common to
both models. We then describe the invariant vacuum angles,
spectra, couplings, and rates in each model.

1. Conventions

Chiral symmetry breaking in QCD0 takes place at a scale
Λ̃. The spectrum of each model includes a color octet π̃8

and a singlet η̃0 analogous to the η0 of QCD; the spectrum of
the Uð5Þ model contains additional singlet and triplet
states. The η̃0 is only a pseudo-Goldstone in the large-Nc̃
limit, but the chiral description will be sufficient for
modeling purposes. We introduce these hyperpions in the
Σ basis,

Σ≡ e2iπ̃
aTa=fπ̃ ; ðA1Þ

where Ta is a generator in the fundamental of SU(3) and we
normalize TðRÞ ¼ 1=2.
The leading-order chiral Lagrangian is

L ¼ f2π̃
4
TrðDμΣ†DμΣÞ þ μf2π̃

2
TrðΣ†M þM†ΣÞ − V0ðη̃0Þ;

ðA2Þ

with μ ≃ Λ̃ ≃ 4πfπ̃.
Anomaly matching provides additional single-hyperpion

couplings to SM field strengths. Under an approximate
global symmetry, the Lagrangian shifts by

ΔL ¼ αa∂μJμa: ðA3Þ

Each chiral anomaly contributes

∂μJμa ⊃
Nf

8π2
g1g2DabcGb

1μνG̃
cμν
2 ; ðA4Þ

where

Dabc ≡ 1

2
TrðTafTb

1; T
c
2gÞ; ðA5Þ

and Nf is the number of Dirac flavors.
In addition to the ordinary kinetic term and gauge

couplings to the SM, the UV hypercolor action contains
a new source of parity violation,

L ⊃
θ̃g̃2

32π2
Ha

μνH̃a
μν þ iImmijψ iγ

5ψ̄ j; ðA6Þ

whereH is the SUðNc̃Þ field strength. θ̃ and the quark mass
phases can be combined into vacuum angles invariant
under chiral field redefinitions.

2. Uð3Þ model

The Uð3Þ model contains three hyperquarks with SM
quantum numbers ð3; 1Þ4=3.

a. Vacuum angles

In addition to the usual anomalous Uð1ÞA of QCD,
there is an additional Uð1Þ0A under which ψL → e−iϕψL,
ψR → eiϕψR. This transformation is anomalous under both
QCD and QCD0. The two invariant vacuum angles are

θ̄1 ¼ θ þ arg detmqq̄ þ Nc̃ argm

θ̄2 ¼ θ̃ þ 3 argm; ðA7Þ

where mqq̄ is the SM quark mass matrix and m is the
hyperquark mass, which must be universal since the
SUð3ÞV symmetry is gauged. At low energies, CP-violation
is described by a parameter-dependent combination of the
two, discussed further in Sec VA.

b. Spectra and rates

We focus first on the π̃8 and η̃0 states and two sets of their
couplings: anomaly induced couplings of the form π̃G1G̃2,
and parity-violating couplings of the form η̃0π̃8π̃8. The
former provide production and decay modes for both states,
while the latter generates decays sensitive to θ̄2 that can
provide the primary η̃0 decay mode. As stated above,
including the η̃0 in ChPT is not expected to be particularly
accurate, but it is sufficient for modeling purposes.
The hyperpion matrix is

Σ ¼ e2i½ðπ̃8ÞaTaþη̃0=
ffiffi
6

p �=fπ̃ ; ðA8Þ

and the hyperquark mass matrix is

M ¼ meiθ̄2=3I3×3: ðA9Þ

V0ðη̃0Þ is modeled by its large-Nc̃ form,
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V0ðη̃0Þ ¼ aj log detðΣÞj2 ¼ a

� ffiffiffi
6

p
η̃0

fπ̃
þ 2πk

�2

: ðA10Þ

The branches k are important for maintaining 2π periodicity
of θ̄2. Just as θ̃ was moved into the quark mass matrix in
Eq. (A9), we can absorb the branch label into the definition
of η̃0. The full η̃0 potential is then approximated by

Vðη̃0Þ ¼ cΛ̃2ðη̃0Þ2 − 3Λ̃f2π̃m cos

�
2η̃0ffiffiffi
6

p
fπ̃

−
θ̄2 þ 2πk

3

�
:

ðA11Þ

We will assume that Nc̃ is not large and that the first term in
Vðη̃0Þ dominates. Then, in this basis, hη̃0i ∼OðmÞ and can be
neglected, whilemη̃0 ≈ Λ̃. The second term in V controls the
ordering of the branches: for 0 ≤ θ̄2 < π, the branch with
minimum energy is k ¼ 0, while for π < θ̄2 < 2π, it is
k ¼ −1. For θ̄2 ¼ π the two branches are degenerate and
reflect spontaneous CP violation.
The octet mass is determined by a radiative contribution

from gluon loops of order Λ̃=3 and a chiral contribution,

m2
8 ≈ ðΛ̃=3Þ2 þ 2μm cos

�
θ̄2 þ 2πk

3

�
: ðA12Þ

The η̃0π̃8π̃8 coupling is

2μmffiffiffi
6

p
fπ̃

sin

�
θ̄2 þ 2πk

3

�
η̃0π̃8 · π̃8: ðA13Þ

The anomaly couplings,

βabcπ̃aGb
1G̃

c
2; ðA14Þ

may be inferred from anomaly matching,

βabc ¼ −
Nfg2Dabc

8π2fπ̃
: ðA15Þ

We can now compute the effective couplings η̃0GG̃,
π̃8GG̃, η̃0FF̃, π̃8GF̃ in the Uð3Þ model using Eqs. (A15),
(A5), and

1

2
Tr

��
1ffiffiffi
6

p
�
fTa; Tbg

�
¼ 1

2
ffiffiffi
6

p δab

1

2
Tr½TafTb; Tcg� ¼ 1

4
dabc

1

2
Tr

��
1ffiffiffi
6

p
�
fQ;Qg

�
¼ 16

3
ffiffiffi
6

p
1

2
Tr½TafTb;Qg� ¼ 2

3
δab: ðA16Þ

The number of Dirac flavors is Nc̃, the number of hyper-
colors. Together these determine the anomaly couplings,

which determine the rates η̃0 → gg, γγ, π̃8 → gg, gγ. The
rates are given by

Γðη̃0 → γγÞ ¼ 1

4π
m3

η̃0A
2
η̃0gg

Γðη̃0 → ggÞ ¼ 2

π
m3

η̃0A
2
η̃0gg

Γðη̃0 → π̃8π̃8Þ ¼
A2
η̃0π̃8π̃8

πmη̃0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
π̃8

m2
η̃0

s

Γðπ̃8 → gγÞ ¼ 1

8π
m3

π̃8
A2
π̃8gγ

Γðπ̃8 → ggÞ ¼ 1

4π
m3

π̃8
1

8

X8
a;b;c¼1

jβabcj2; ðA17Þ

where the Aijk are coefficients of π̃G1G̃2 (and η̃0π̃8π̃8), and
in the last case we have left the coupling in terms of βabc as
given above. Leading-order gluon-fusion cross sections are
related to Γgg rates by

σðgg → η̃0Þ ¼ π2

8sm
L · Γðη̃0 → ggÞ

σðgg → π̃8Þ ¼ π2

sm
L · Γðπ̃8 → ggÞ; ðA18Þ

where

L ¼
Z

logð ffiffi
s

p
=mÞ

logðm=
ffiffi
s

p Þ
dyfðmey=

ffiffiffi
s

p Þfðme−y=
ffiffiffi
s

p Þ: ðA19Þ

In addition to the pseudoscalars, this setup also features a
set of vector mesons with masses near the confinement
scale. In particular, there is a vector octet state, ρ̃, analogous
to the ρ of QCD, that kinetically mixes with the gluon and
can thus be singly produced at colliders. The kinetic mixing
induces a coupling of the ρ̃ to Standard Model fermions,
which we take to be parametrically ∼αs=gs, as motivated in
Refs. [1,2]. As in QCD, we also expect a large coupling of
the ρ̃ to π̃8π̃8, which we take to be ∼4π. The ρ̃ Lagrangian
we consider for our collider studies is thus

Lρ̃ ¼ −
1

4
TrFμνFμν þ 1

2
m2

ρ̃ρ̃μρ̃
μ − 4πfabcρ̃μaπ̃8b∂μπ̃

8
c

þ αsρ̃
μ
aq̄γμTaq; ðA20Þ

where Fμν is the ρ̃ field strength and q denotes all Standard
Model quarks. Note that, due to the large coupling, the
ρ̃ decays almost exclusively to π̃8π̃8 if kinematically
allowed, and to qq̄ otherwise. The Lagrangian above is
of course schematic, and the precise values of the
couplings, mass, and resulting cross sections should be
interpreted correspondingly.
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3. Uð5Þ model

The Uð5Þ model contains five hyperquarks with SM
quantum numbers of ð3; 1Þ4=3 þ 2 × ð1; 1Þ0.

a. Vacuum angles

The two invariant angles in the Uð5Þ model are

θ̄1 ¼ θ þ arg detmqq̄ þ Nc̃ argm3

θ̄2 ¼ θ̃ þ 3 argm3 þ arg detm12; ðA21Þ
where mqq̄ is the SM quark mass matrix, m3 is the colored
hyperquark mass, and m12 is the neutral hyperquark mass
matrix which we take to be proportional to diagðm1; m2Þ.
In the limit detm12 → 0, θ̄2 is unphysical and CP

violation in the QCD sector is controlled by θ̄1. In the
opposite limit of large m1;2, the model reduces to the Uð3Þ
model of the previous section. We will be interested in the
case 0 < m1;2 < m3 < Λ̃. In this case low-energy CP
violation in QCD is controlled by θ̄1 þ c × hη̃i=fπ̃, where
c is a constant and η̃ is a hypermeson analogous to the QCD
η, which obtains a vev of order θ̃ ×m1;2.

b. Spectra and rates

We work in the approximations

m1 ≈m2 ≡m ≪ m3; ðA22Þ
which yields simple analytic formulas and is a reasonable
first approximation in the parameter regimes relevant for
our collider studies. By a combination of chiral rotations, θ̄2
can be placed entirely in arg detm12 so that the mass matrix
takes the form

M ¼ diagðmeiθ̄2=2; meiθ̄2=2; m3; m3; m3Þ: ðA23Þ
The “isospin limit” m1 ≈m2 suppresses neutral hyperpion
mixing, so that the η̃ and π̃0 states correspond approx-
imately to the SUð5Þ generators

T π̃0 ¼
1

2

0
B@

1 0 01×3

0 −1 01×3

03×1 03×1 03×3

1
CA

T η̃ ¼
1ffiffiffiffiffi
15

p

0
B@

− 3
2

0 01×3

0 − 3
2

01×3

03×1 03×1 13×3

1
CA: ðA24Þ

In the approximations (A22), the relevant masses are

m2
π̃ ¼ 2mΛ̃ cos

�
θ̄2 þ 2πk

2

�

m2
η̃ ¼

4

5
m3Λ̃þ 6

5
mΛ̃ cos

�
θ̄2 þ 2πk

2

�
m2

π̃8
¼ 2m3Λ̃; ðA25Þ

where mDM ≈mπ̃0 near the isospin limit, and k is again a
branch label equal 0 for 0 ≤ θ̄2 < π and 1 for π ≤ θ̄2 < 2π.
The isospin-breaking η̃ − π̃ mixing angle is

θη̃−π̃ ¼
ffiffiffiffiffi
15

p ðm1 −m2Þ
2m3

cos

�
θ̄2 − 2πk

2

�
; ðA26Þ

and the CP-violating triple-pion coupling inducing η̃ → π̃ π̃
decays is

λη̃ π̃ π̃ ¼ −
ffiffiffi
3

5

r
mΛ̃
fπ̃

sin

�
θ̄2 þ 2πk

2

�
: ðA27Þ

The decay rates for the π̃8 and η0 are as in the previous
section. The η̃ decay rates take the same form as for the η0 in
Eq. (A17), except multiplied by a factor of 1=8 and
replacing the η̃0π̃8π̃8 coupling with λη̃ π̃ π̃ .
In the presence of θ̄2, the η̃ state receives a small vacuum

expectation value,

hη̃=fπ̃i ¼ −
ffiffiffiffiffi
15

p
m

2m3

sin

�
θ̄2 þ 2πk

2

�
: ðA28Þ

The η̃ also couples to QCD and QED through anomalies
with coefficients

1

2
Tr½T η̃fTQ; TQg� ¼

16

3
ffiffiffiffiffi
15

p
1

2
Tr½T η̃fTa; Tbg� ¼ 1

2
ffiffiffiffiffi
15

p δab: ðA29Þ

The π̃0 inherits small SM anomaly couplings through the
mixing (A26). Together the anomaly couplings and the η̃
vev lead to a threshold correction to the QCD θ-angle when
QCD0 is integrated out,

ΔθQCD ¼ Nc̃
m
m3

sin

�
θ̄2 þ 2πk

2

�
: ðA30Þ
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